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This study uses the Ricardian approach to examine the economic impact of climate change on agriculture in Zimbabwe. Net farm revenue is regressed against various climate, soil, hydrological and socio-economic variables to help determine the factors that influence variability in net farm revenues. The study is based on data from a survey of 700 smallholder farming households interviewed across the country.
The empirical results show that climatic variables (temperature and precipitation) have significant effects on net farm revenues in Zimbabwe. In addition to the analysis of all farms, the study also analyzes the effects on dryland farms and farms with irrigation. The analysis indicates that net farm revenues are affected negatively by increases in temperature and positively by increases in precipitation. The results from sensitivity analysis suggest that agricultural production in Zimbabwe's smallholder farming system is significantly constrained by climatic factors (high temperature and low rainfall). The elasticity results show that the changes in net revenue are high for dryland farming compared to farms with irrigation. The results show that farms with irrigation are more resistant This paper-a product of the Sustainable Rural and Urban Development Team, Development Research Group-is part of a larger effort in the group to mainstream climate change research. Copies of the paper are available free from the World Bank, 1818 H Street NW, Washington, DC 20433. Please contact Pauline Kokila, room MC3-446, telephone 202-473-3716, fax 202-522-1151 , email address pkokila@worldbank.org. Policy Research Working Papers are also posted on the Web at http://econ.worldbank.org. The authors may be contacted at rtmano@mweb.co.zw or nhemachenacharles@yahoo. co.uk. July 2007. (41 pages) to changes in climate, indicating that irrigation is an important adaptation option to help reduce the impact of further changes in climate.
An overview of farmer adaptation to changing climate indicates that farmers are already using some adaptation strategies-such as dry and early planting, growing drought resistant crops, changing planting dates, and using irrigation-to cushion themselves against further anticipated adverse climatic conditions. An important policy message from the empirical findings is that there is a need to provide adequate extension information services to ensure that farmers receive up-to-date information about rainfall patterns in the forthcoming season so that they make well-informed decisions on their planting dates. Policies that increase farmer training and access to credit and aid facilities and help farmers acquire livestock and other important farm assets can help improve net farm performance. Ensuring the availability and accessibility of fertilizers and crop seeds before the onset of the next cropping season can also significantly improve net farm performance across households.
SUMMARY
This study uses the Ricardian approach to examine the economic impact of climate change on agriculture in Zimbabwe. The approach regresses net farm revenue against various climate, soil, hydrological and socio-economic variables to help determine the factors that influence variability in net farm revenues. The study was based on data from a survey of 700 smallholder farming households interviewed across the country. The temperature and precipitation data came from the Africa Rainfall and Temperature Evaluation System (ARTES) (World Bank 2003) and soil data were obtained from FAO (2003) . Data concerning hydrology were obtained from the University of Colorado (Strzepek & McCluskey 2006) .
The empirical results show that climatic variables (temperature and precipitation) have significant effects on net farm revenues in Zimbabwe. In addition to the analysis of all farms, the study also analyzes the effects on rainfed farms and farms with irrigation. Marginal analysis indicates that net farm revenues are affected negatively by increases in temperature and positively by increases in precipitation. The results from sensitivity analysis suggest that agricultural production in Zimbabwe's smallholder farming system is significantly constrained by climatic factors (high temperature and low rainfall). The elasticity results show that the changes in net revenue are very high for rainfed farming compared to farms with irrigation. The elasticities of summer temperature and precipitation for rainfed farms are -7.26 and 12.16, respectively, compared to -3.79 and 9.81 for irrigated farms. The results show that farms with irrigation are more resistant to changes in climate, indicating that irrigation is an important adaptation option to help reduce the impact of further changes in climate.
The study examined some simple climate scenarios to see how agricultural production in the country would respond to climate change. These 'uniform' scenarios assume that only one aspect of climate changes and that change is uniform across the country. The uniform scenarios showed that a 2.5°C increase in temperature would result in a decrease in net farm revenues by US$0.4 billion for all farms and increase net revenue from farms with irrigation by US$0.3 billion. The study also examined the impact of a 5°C increase in temperature and the results showed that net revenues would decrease across all farms, rainfed farms and farms with irrigation by US$0.4 billion, US$0.5 billion and US$0.003 billion respectively. A 7% and a 14% decrease in precipitation would result in a decrease in net farm revenue by US$0.3 billion for all farms.
The study also examined the impacts of three SRES climate change scenarios, namely CGM2, HadCM3 and PCM. These predicted that by 2100 net farm revenues would decrease across all farms by respectively US$0.8 billion, US$1.3 billion and US$1.4 billion. An overview of farmer adaptation to changing climate indicates that farmers are already using some adaptation strategies -such as dry and early planting, growing drought resistant crops, changing planting dates, and using irrigation -to cushion themselves against further anticipated adverse climatic conditions. An important policy message from the empirical findings is that there is a great need for the government, through the meteorological department, research and extension, the private sector and NGOS, to provide adequate extension information services to ensure that farmers receive up-to-date information about rainfall patterns in the forthcoming season so that they make well-informed decisions on their planting dates. Another is that the government, research and extension, the private sector and NGOs can improve net farm performances for smallholder farms by ensuring increase farmer training and more access to credit and aid facilities and by helping farmers acquire livestock and important farm assets can improve farm performance. Ensuring the availability and accessibility of fertilizers and crop seeds before the onset of the next cropping season can also significantly improve net farm performances across households. 
Introduction
Climate change impact studies have shown that the productivity of agricultural activities is highly sensitive to climate change. The effect of changes in climate on agricultural activities both physical and economic has been shown to be significant for low input farming systems, such as subsistence farming in developing countries in Sub-Saharan Africa that are located in marginal areas and have the least capacity to adapt to changing climatic conditions (Rosenzweig & Parry 1994; Reilly & Schimmelpfennig 1999; Kates 2000; McGuigan et al. 2002) .
Because most developing countries are heavily dependent on agriculture, the effect of climate change on their productive croplands is likely to threaten economic development and the welfare of the population. In addition, developing countries in tropical regions usually have large areas of poor marginal soils that are unusable for agriculture, which makes them particularly vulnerable to potential damage from environmental changes (Mendelsohn & Dinar 1999) . The importance of agriculture for the economies of most African countries and the farming sector's reliance on the quality of rains during the rainy season make Zimbabwe and other countries in the region particularly sensitive to climate change and food insecure .
The effect of climate change on agricultural systems can be seen in the interaction between changes in climate variables and the stresses that result from actions taken to increase agricultural production. Impacts on crop yields, agricultural productivity and food security vary depending on the types of agricultural practices and systems (Watson et al. 1997) . There is growing evidence that further increases in global warming leading to changes in main climate variables -temperature, precipitation, sea level rise, atmospheric carbon dioxide content and incidence of extreme events -may significantly affect African agricultural production (Watson et al. 1997) , with the result that the livelihoods of subsistence farmers and pastoral peoples, who make up a large portion of rural populations in Sub-Saharan Africa, could be negatively affected. For instance, in areas where temperatures are already warm, such as Zimbabwe and most parts of sub-Saharan Africa, further increases in temperature may actually slow down rather than stimulate plant growth, culminating in a general decrease in expected yield for most of the current food crops. The indirect effect of the increased temperatures is the anticipated reduction in effective rainfall even when current amounts of rainfall are sustained, culminating in greater incidence of crop failure.
Empirical agronomic studies in Zimbabwe have revealed that climate change has a negative effect on the agricultural performance of major crops. For instance Muchena (1994) and Magadza (1994) showed that a 2ºC rise in ambient temperature and a rise of mean temperature by 4ºC significantly lowered yields. In another study, Makadho (1996) assessed the potential effects of climate change on corn, using a Global Circulation Model (GCM) and the dynamic crop growth model CERES-maize, and the results indicated that maize production was expected to significantly decrease by approximately 11-17%, under conditions of both irrigation and non-irrigation. A reduced crop growth period because of increases in temperature, particularly during the grain filling and ripening stages, has been found to be the main factor contributing to decreased yields.
There has been extensive research on the impacts of climate change, but little on the economic impacts on agriculture in Zimbabwe. To fill this empirical gap, this study carries out an economic analysis of the potential impacts of climate change on Zimbabwe's agricultural sector at the farm level. It also incorporates a brief analysis of adaptation strategies being used by farmers to cushion themselves against changing climatic conditions. The agricultural sector remains the key sector of the economy in Zimbabwe, but agricultural policy making has not yet given enough attention to the impacts of climate change and related issues. The main objective of this study is therefore to develop and apply empirical methods to assess the economic impacts of climate change on agriculture in Zimbabwe.
Objectives of the study
This study followed the general objectives of the Global Environment Facility/World Bank (GEF/WB) Climate Change and African Agriculture Project and redefined them to focus specifically on the Zimbabwe country study. The objectives are:
1. To develop a Ricardian model and quantify the potential economic impacts of climate change on agriculture in Zimbabwe.
2. To predict potential future impacts of anticipated further changes in climatic conditions on Zimbabwe's agricultural sector using the estimated Ricardian model under various simulation scenarios.
3. To identify alternative adaptation measures that Zimbabwean farmers are using to help mitigate potential impacts from anticipated changes in climatic conditions. 4. To inform policy using the empirical results from the study.
Outline of the report
The rest of the report is structured as follows. Section 2 gives the background information about Zimbabwe, Section 3 is a brief literature review of empirical models used to assess economic impacts of climate change, Section 4 specifies the empirical Ricardian model for Zimbabwe, Section 5 presents the data needed for empirical model estimation and the sources, Section 6 discusses the empirical findings, and Sections 7 and 8 present the conclusions from the empirical analysis and discuss directions for future research.
Background information on the country of study -Zimbabwe
Zimbabwe is a landlocked country in the southern African region, with an area of 390 760 square kilometers. It lies within the tropics between 15º 30' S and 22º 30' S and 25º E and 33ºE. Three broad relief regions are generally recognized on the basis of elevation: the Lowveld (below 900m), the Middleveld (900-1200m), and the Highveld (1200-2000m). In addition, a narrow belt of mountains (2000-2400 m), the Eastern Highlands, runs north to south along the eastern border with Mozambique; and the deep cleft of the Zambezi River Valley forms the boundary with Zambia in the northwest. The climate is largely influenced by relief, as the rainfall increases with altitude. The mean annual rainfall varies from below 400mm in the extreme south of the Lowveld to above 2000mm on isolated mountain peaks in the Eastern Districts. Middleveld rainfall ranges from 500mm to 700 mm and that of the Highveld from 800mm to 1000 mm. Appendices A and B show the spatial distribution of rainfall and temperature in the country.
The rainfall pattern is distinctly seasonal, with approximately 90% falling in the six months from 1 October to 31 March. Much of the rain falls as intense tropical downpours and is characterized by its extreme variability in both space and time. Three seasons can be distinguished: a hot and dry spring from mid-September to the onset of the rains, a hot but moist summer covering the rainy season, and a dry winter period consisting of cool nights and warm cloudless days lasting from April to September. The sandy, relatively infertile soils that cover some two-thirds of the country constitute the main soil type in the communal areas. Isolated areas of heavier more fertile soils occur throughout the country, the largest pockets being on the Highveld. Fertile irrigable basaltic vertisols occur extensively in the southern Lowveld.
Agricultural production in Zimbabwe is diverse compared with many tropical countries. Tobacco, maize, cotton and sugar dominate crop production, with wheat, coffee, sorghum, groundnuts, tea, citrus, coffee and vegetables making significantly smaller monetary contributions. Maize dominates crop production, covering more land than all other crops (approx 1.5 million hectares). Tobacco production has steadily increased since 1980. Smallscale communal farmers favor burley tobacco, mainly because it requires less rigorous curing. Rainfed cotton grown in the central and northern parts of the country and under irrigation in the Lowveld supplies the needs of the local textile industry and provides 70% excess for export. Maize, sorghum and vegetables are the principal subsistence crops. Production for family consumption remains paramount in the majority of peasant farming areas, the dry agro-ecological zones of the country, while increasing quantities of maize and cotton are being marketed from communal areas in the higher rainfall agro-ecological zones. Cotton, sunflowers and groundnuts are the major cash crops for communal farmers. Peasant farmers now produce half the total cotton crop, 75% of the sunflower and 80% of the sorghum. Coffee has been promoted as a peasant crop in the Eastern Highlands but production remains small.
As in most developing countries, agriculture and the smallholder farming sector dominate Zimbabwe's economy. Agriculture provides employment and livelihoods for about 70% of the population, including 30% of formal employment, and accounts for about 40-50% of the country's total export revenues. About three-quarters of Zimbabwe's population live in the rural smallholder farming sector and depend on agriculture for their livelihoods). In addition, the agricultural sector contributes about 17% to the country's GDP (FAO 2005) . Agriculture is also an important source of raw materials, providing about 60% of raw materials for the manufacturing sector in the country (Bautista et al. 2002; Poulton et al. 2002) .
Observed long-term trends in key climatic variables and growth rate of contribution from agriculture
The observed long-term trends in key climatic variables (temperature and rainfall) are shown in Figure 1 and the growth rate of GDP contribution from agriculture in Figure 2 . As shown in Figure 1 , over the years temperatures have been increasing and the rainfall pattern has been highly volatile and varying. It is important to note that there are some correlations between these long-term trends in temperature and rainfall and the growth rate of GDP contribution from agriculture, hunting, forestry and fishing (see Figure 2 ). For instance, drought years that are depicted by negative rainfall deviation in Figure 2 correspond with the declining and low growth rate in GDP contribution from the agricultural sector, implying that rainfall patterns have a significant effect on this contribution over the years.
Notable examples are the growth rates in the early 1970s, early 1980s and the 1992 drought. During these drought years the temperature increased and the rainfall was very low, as shown in Figure 1 , and this had a significant effect on agricultural performance and hence the growth rate of GDP contribution from the sector. The relationships shown in these graphs suggest it is important to try to quantify the economic effects of climate change on the agricultural sector. We acknowledge the fact that climate change was not the only factor that affected growth rates in GDP contribution of agriculture, as many other factors such as government policies also affected the performance of the sector, but for the purposes of this study we focus on the impacts of climate change.
Literature review of empirical models used to assess impacts of climate change on agriculture
Three basic approaches have been used to assess the likely economic effects of climate change on agriculture: agro-economic models, agro-ecological zone models and Ricardian cross-sectional models (Mendelsohn & Dinar 1999) .
Agronomic-economic models
This analytical technique make use of well-calibrated crop models from carefully controlled experiments in which crops are grown in field or laboratory settings that simulate different climates and levels of carbon dioxide (Adams et al. 1989 (Adams et al. , 1990 (Adams et al. , 1993 (Adams et al. , 1999 Easterling et al. 1993; Kaiser et al. 1993; Rosenzweig & Parry 1994; Parry et al. 1999 Parry et al. , 2004 Kumar & Parikh 2001) . To ensure that all different outcomes across experimental conditions can be assigned to the variables that are being investigated (temperature, precipitation or carbon dioxide), no variability is allowed in farming methods. In addition, farmer adaptation to changing climate is not included in the estimates from these models. Economic models are then used to predict aggregate crop outputs, prices and net revenue using the yields from the agronomic models (Mendelsohn & Dinar 1999) .
Agro-ecological zone analysis
This approach assigns crops to agro-ecological zones and yields are then predicted (FAO 1996) . The agro-ecological models examine changes in agro-ecological zones and crops as the climate changes. This analytical technique make use of well-calibrated crop models from carefully controlled experiments in which crops are grown in field or laboratory settings that simulate different climates and levels of carbon dioxide (Adams et al. 1989 (Adams et al. , 1990 (Adams et al. , 1993 (Adams et al. , 1999 Easterling et al. 1993; Kaiser et al. 1993; Rosenzweig & Parry 1994; Parry et al. 1999 Parry et al. , 2004 Kumar & Parikh 2001) . To ensure that all different outcomes across experimental conditions can be assigned to the variables that are being investigated (temperature, precipitation or carbon dioxide), no variability is allowed in farming methods. In addition, farmer adaptation to changing climate is not included in the estimates from these models. Economic models are then used to predict aggregate crop outputs, prices and net revenue using the yields from the agronomic models (Mendelsohn & Dinar 1999) .
The agro-ecological models, examines changes in agro-ecological zones and crops as climate changes and predict the effect of alternative climate scenarios on crop yields. Economic models then use the yields changes to predict the overall supply and market effects (Darwin et al. 1995) . According to Mendelsohn and Dinar (1999) , the climate scenarios can be relatively simple stories of uniform changes across a country, or they can involve complex geographic distributions of changes. As a result most impact studies examine multiple climate scenarios.
The Ricardian cross-sectional approach
Cross-sectional models measure farm performances across climatic zones (Mendelsohn et al. 1994 (Mendelsohn et al. , 1996 Mendelsohn 2000 , Mendelsohn & Dinar 1999 Sanghi 1998; Sanghi et al. 1998) . The Ricardian approach is the common cross-sectional method that has been used to measure the impact of climate change on agriculture. The method was named after David Ricardo (1772-1823) because of his original observation that land rents would reflect the net productivity of farmland (Mendelsohn & Dinar 2003) . The Ricardian approach has been applied in the United States (Mendelsohn et al. 1994 (Mendelsohn et al. , 1996 and in some developing countries -Brazil (Sanghi 1998) , India Kumar & Parikh 1998) and South Africa (Gbetibouo & Hassan 2005 ) -to examine the sensitivity of agriculture to changes in climate.
The Ricardian approach regresses farm performance (land value or net income) on a set of environmental factors, traditional inputs (land and labor) and support systems (infrastructure) to measure the contribution of each factor to the outcome and detect the effects of long-term climate change on farm values (Mendelsohn et al. 1994 (Mendelsohn et al. , 1996 Mendelsohn & Dinar 1999) . In a well-functioning market system, the value of a parcel of land should reflect its potential profitability, implying that spatial variations in climate derive spatial variations in land uses and in turn land values (Polsky 2004) . With this background, it should be possible to estimate a meaningful climate-land value relationship by specifying a multivariate regression model. The estimated coefficients for the climate variables would reflect the economic value of climate to agriculture, holding other factors constant.
The Ricardian cross-sectional approach automatically incorporates farmer adaptation by including adaptations farmers would make to tailor their operations to a changing climate. An important example of farmer adaptation strategies is crop choice where, depending on the effects of warmer climate, a particular crop will be the optimal choice. Optimal crop switching is therefore an important factor to consider when measuring the impact of climate change on agriculture (Mendelsohn et al. 1994 (Mendelsohn et al. , 1996 Mendelsohn & Dinar 1999) . The Ricardian approach provides a framework for making a comparative assessment of 'with' and 'without' adaptation scenarios that can show how adaptation measures may help reduce this impact.
Farmer adaptations that are implicit in the Ricardian model results are projected to largely offset the economic costs associated with climate change (Polsky 2004) . Farmers will use available information to their maximum economic benefit in adapting to climatic shocks in any economy at equilibrium. For instance, a standard Ricardian model would imply that if growing citrus crops is more profitable than growing wheat, and if the climate becomes more suitable for citrus than wheat, then those farmers will adapt to the changed climate by drawing on the experiences of citrus farmers elsewhere and switching from wheat to citrus (Polsky 2004) .
A criticism of the Ricardian approach is that it fails to fully control for the impact of variables that could also explain the variation in farm incomes. For example, incomplete specification can result in underestimating the damages and overestimating the benefits of climate change (Mendelsohn 2000; Kurukulasuriya & Rosenthal 2003) . Variability in farms is a result of many factors besides the effects of climate change. Efforts in the Ricardian studies to control for this problem through including other variables, such as soil quality, market access and solar radiation, are hampered by the difficulty of obtaining perfect measures of these variables (Mendelsohn 2000) . The result is that many of these factors may not be taken into account when assessing the impacts on farm revenues. According to Mendelsohn (2000) , this is a common problem in developing countries where data is often incomplete. Household labor and animal power are two important variables in many developing country farms that are difficult to control for. The agronomic approach, on the other hand, does not face this problem of extraneous variables as it relies on carefully controlled experiments.
Assuming that prices will remain constant is another limitation of the Ricardian approach (Cline 1996) . Mendelsohn et al. (1994) , as cited in Kurukulasuriya and Rosenthal (2003) , agree that including price effects is problematic and that the Ricardian approach is weaker in that respect. Existing cross-sectional studies rely on a cross section within a country where there is little price variation across farms, with the result that the studies have not been able to estimate the effects of prices. The assumption in the Ricardian studies that prices are constant leads to bias in the welfare calculations (Cline 1996) . The cross-sectional approach only measures the loss as producer surplus from the climate change and ignores the price change that would occur if supply changed, and as a result omits consumer surplus from the analysis. The result is that damages are underestimated (omit lost consumer surplus) and benefits are overestimated (overstate value of increased supply) (Mendelsohn 2000) . The argument however, is that this also applies to all agro-economic models that are confronted with the same difficulty of predicting domestic price changes when changes in agricultural prices due to climate change are determined at the global level (Kurukulasuriya & Rosenthal 2003) .
Despite the failure to address this problem, Mendelsohn et al. (1994) contend that the bias is less than 7% (Kurukulasuriya & Rosenthal 2003) .
Another limitation of the Ricardian approach is that measuring impact in a static spatial model would only be valid if technology, policy or any other temporally varying factor that would affect land use and farmers' production management decisions does not change, or if the value of alternative uses of the land does not change (Antle 1995) . For instance, technological changes would alter the relationship between environmental characteristics and land values and thus the approach would give inaccurate effects of climate change on land values (Antle 1995) .
Failure to take account of water supply is another important criticism that has been raised concerning existing cross-sectional models (Darwin 1999; Kurukulasuriya & Mendelsohn 2006) . In examining the effect of country climate on country production the existing models do not take into account water that might come from distant countries through rivers and other water supplies. According to Mendelsohn (2000) , there has not been data available predicting the magnitude of these water supplies and how they in turn would be affected by climate change. In addition, the cross-sectional models have not considered the effects from flooding. Integrating water systems into agricultural analysis will be important to all approaches and Mendelsohn and Dinar, (2003) have made a significant contribution by testing the sensitivity of net farm revenues to other sources of water.
Research has shown that agronomic-economic and agro-ecological zone models produce reliable results relating agricultural yield and climate variables. However, these methodologies are complex and have high requirements and they do not incorporate farmers' adaptation strategies to changing climate in their analysis. For the purpose of this study, the modified Ricardian cross-sectional approach, which is simpler and takes into account farmer adaptations to changing climate, is adopted to measure the economic impacts of climate change on agriculture in Zimbabwe.
The Ricardian model specification for Zimbabwe
In the Ricardian model, net revenue or capitalized net revenue (land value (V)), and not yield, accounts for both the costs and benefits of adaptation. Direct measurement of farm prices or revenues allows the Ricardian approach to account for the direct impacts of climate on yields of different crops as well as the indirect substitution of different activities, and other potential adaptations to different climates (Mendelsohn et al. 1994 ).
Following Mendelsohn et al. (1994) , this study applied the Ricardian approach to measure the effect of climate variables in Zimbabwean agriculture. A number of variables -climatic, soil, socio-economic and hydrological -were examined to determine the intrinsic effect of climate on farmland, as in other Ricardian studies applied elsewhere (Mendelsohn et al. 1994 (Mendelsohn et al. , 1996 Kumar & Parikh 1998; Sanghi 1998; Sanghi et al. 1998; Mendelsohn & Dinar 1999 . The farmland value (V), reflects the present value of future net productivity, captured by the following equation (Mendelsohn & Dinar 2003) :
Where is the net revenue per hectare, IE P i P is the market price of crop i, is output of crop i, F is a vector of climate variables, Z is a set of soil variables, G is a set of economic variables such as market access, X is a vector of purchased input prices, t is time, and i Q δ is the discount rate.
Assuming a net revenue maximizing farmer, who chooses X, given the characteristics of the farm and market prices, the Ricardian method is a reduced form model of the endogenous variables (F, Z and G), examining their effect on farm value. The standard Ricardian model relies on a quadratic formulation of climatic variables:
where u is the error term. Equation (2) shows the relationship between farmland value (V) in equation (1) and climate (F), soil (Z) and socio-economic variables (G).
Following Mendelsohn and Dinar (2003) , the empirical estimation of the Ricardian model for Zimbabwe extends the standard model given above to thoroughly capture the impact of water on farm value. According to Mendelsohn and Dinar (2003) , water was already reflected in the Ricardian model, as it comes to farms in the form of precipitation. However, there are two additional sources of water, surface water and ground water, that can be remote from the farm and climate at the farm may give little indication of the amount that is available from these two sources.
To capture these additional sources of water, the empirical model for Zimbabwe introduced runoff as the other source of water (W) in the Ricardian model:
where W is a vector of relevant hydrological variables that captures the other sources of water other than precipitation such as surface runoff. Inclusion of W allows for the empirical tests of the relationship between farmland values (V) and other sources of water, such as surface and groundwater. In addition, the study tests the nature of the relationship whether it is linear or quadratic.
Furthermore, the study tests the effect of runoff as the other source of water on climate sensitivity. In this case, the study tries to find out the tolerance of farmers who have access to these additional sources to higher and lower temperatures. Interaction terms between annual climate (F) (normal temperature and precipitation) and mean runoff are added to test this proposition:
As shown in equation (4), the variable (W*F) gives the interaction between annual climate and the relevant hydrological variables.
The marginal impact of a climate variable on net farm revenue evaluated at the mean is given by Kurukulasuriya and Mendelsohn (2006) :
Welfare changes, ΔU, as a result of climate change from T i to T* can be measured as follows:
Changes in climate that increase net farm income would be beneficial and would be harmful if they lead to decreases in net farm income.
Data requirements and sources
The data for the analysis is based on a cross-sectional farm household survey conducted in a number of provinces and selected districts across the country. Figure 3 shows the provinces and the number of households sampled in each province. The survey covered most of the country's provinces except two, which were omitted because of budgetary constraints. However, the sampled households give a fair representation of the farming systems in the country. The survey collected data for the 2002/03 and 2003/04 farming seasons for both crop and livestock production activities. It provided information about relevant socioeconomic variables such as farm size, household size, household assets (e.g. plows) and access to extension services, for use in the Ricardian analysis.
The surveyed districts were selected on the basis of agro-climatic and hydrological zones, provincial representation and latitude. The district sample of smallholder rainfed farmers was based on the proportion of district population to the total population of all selected districts. The target sample size was 1000 smallholder households, but because of budgetary constraints and the inaccessibility of some areas only 700 were finally surveyed. Only smallholder farmers were surveyed because former large scale and now resettled areas were not readily accessible. The fact that large scale farms were not included in the sample meant that the study also could not assess the effects of technology on net farm revenues.
The temperature and precipitation data came from Africa Rainfall and Temperature Evaluation System (ARTES) (World Bank 2003). This dataset, created by the National Oceanic and Atmospheric Association's Climate Prediction Center, is based on ground station measurements of precipitation.
Soil data were made available by the Food and Agriculture Organization (FAO 2003) . The FAO data provides information about the major and minor soils in each location as well as slope and texture. Data concerning the hydrology was obtained from the University of Colorado (Strzepek & McCluskey 2006) . Using a hydrological model for Africa, the hydrology team calculated flow and runoff for each district.
Defining variables

Dependent variable
The absence of well-functioning land markets in Zimbabwe meant that there were no data to estimate land values that reflected the adjustments made by farmers to the normal climate conditions and could be used for estimating the climate response function. This study therefore used farm-level net revenue per hectare (Kumar & Parikh 2001 ) as a proxy for the land values. The net revenue per hectare was used as the dependent variable to estimate the climate response function for Zimbabwe.
For this study net revenue is defined as gross revenue less fertilizer and pesticide costs, cost of hired labor (valued at the median market wage rate), cost of transport, packaging and marketing costs, storage costs and post harvest losses. Valuation of both crops and inputs was based on median prices per district. Household labor was excluded from the definition of net farm revenue as it resulted in many households having negative net farm revenues. Bardhan and Udry (1999) , as cited in Kurukulasuriya and Mendelsohn (2006) , reported that in the agricultural development literature, including household labor in net farm revenues is problematic. The net farm revenue is therefore defined without household labor costs and the effect of household labor is controlled for by including household size as an independent variable.
Explanatory variables
Climate variables
Monthly temperature and precipitation data were categorized into four distinct seasons to depict the climatic regimes in Zimbabwe: season 1 -summer, from October to January (ONDJ); season 2 -fall (autumn), from February to April (FMA); season 3 -winter, from May to July (MJJ); and season 4 -spring, August and September (AS). The mean seasonal values of both temperature and precipitation were included in the Ricardian model as well as their quadratic terms. The mean temperatures and precipitation for each season are presented in Table 1 .
Hydrological variables
Mean runoff was included in the Ricardian model as the hydrological variable as well as the interaction terms between mean runoff and each climate variable. This was to test the effect of other water sources on farm net revenues and climate sensitivity (Mendelsohn & Dinar 2003) .
Soil variables
There is significant variability in soil types across districts and provinces in Zimbabwe. Fiftyfive soil types were available in the data set. The study used correlation analysis between the dependent variables and the soil types and only five soil types were finally included in the final models. The classification of the soils included in the analysis is shown in Table 2 .
The main soil types are lithosols, luvisols and chernozems. Lithosols are mainly sandy, rocky and calcareous or siliceous, with salts and gypsum deposits occurring extensively. They are generally very low in inherent fertility and devoid of moisture and vegetation throughout the year. As a result agricultural production on these soils is expected to be low and net returns per unit of land would be limited. Luvisols are usually more fertile and provide a good medium for productive agricultural production for farmers. Chernozems have a relatively high clay content and high organic matter. The texture of these soils is a fairly uniform profile, dark grey to very dark brown to black. They are highly fertile and as such can support crop productivity. Including the soil variable allowed the empirical estimation to capture spatial heterogeneity in net farm revenues across different agro-ecological zones and districts.
Socio-economic variables
Socio-economic variables included in the estimation were population density, extension contact, distance from capital city, household size, total cropped area, livestock assets indices, irrigation dummy and dummies for different provinces to capture geographical effects on net farm revenues. The livestock and irrigation variables were included to enable the analysis to assess the importance of livestock and irrigation in helping farmers adapt to changing climatic conditions. The underlying assumption is that further increases in temperature and reductions in rainfall are less favorable for crop production and thus livestock becomes an important option under very stressful conditions.
On the other hand irrigation is an important source of additional water that can support agricultural crop production even during dry spells and drought periods. Access to extension contact was assumed to be an important source of climatic information and hence have a positive relationship with net farm revenues. Household size was used to assess the effect of labor availability on net farm revenue with households with large labor pools assumed to have higher net farm revenues. Table 3 summarizes all the explanatory variables that were included in the analysis and their expected effects on net revenues given by the expected sign. The positive sign means that the variable is expected to affect net farm revenues positively.
Empirical estimation results and discussions
This section presents the results and discussions from the empirical estimation of the Ricardian analysis. The section starts by analyzing variability of net farm revenue across provinces and the sampled households to ascertain whether there is any spatial variability in net farm revenues that could be attributed to differences in agro-climatic factors that vary across spatial scales within provinces and the country as a whole. This is followed by a brief overview of the estimation procedure and presentation of the empirical results of the Zimbabwe Ricardian model.
Variability in net revenues across households
A prior expectation was that farm net revenues would vary across spatial scales and in this case across provinces. Because the provinces cover more than one agro-climatic zone they generally exhibit spatial differences in climatic variables and it was therefore expected that this would cause net farm revenues to vary both within provinces and across all the sampled households. Table 4 shows variability in net farm revenue. The results show great variability in net farm revenue within provinces and across the whole sample, indicating that net revenue may be influenced by differences in climatic conditions in the various agro-climatic zones in each province. The empirical analysis therefore tried to find the climatic, soil, socioeconomic and hydrological variables that would help explain this variability.
Empirical model estimation procedure
The empirical analysis began by estimating the response of net farm revenue (V) (measured as net revenue nr2_3 in equation (1) to climate variables (F) only. The second model added soil variables (Z) to the first model to add spatial heterogeneity in net farm revenues. The third model added socio-economic variables (G) to the second model. The fourth model tested the effect of additional sources of water, in this case runoff, on farm net revenues. The fifth model added the interaction terms between mean annual climate variables (temperature and precipitation) to the fourth model to test whether access to other water supplies affects climate sensitivity.
The Zimbabwe Ricardian model specification assumed a quadratic relationship between net farm revenues and climatic variables to reflect the nonlinear relationship between net farm revenues and climatic variables that is consistent with Ricardian studies applied elsewhere (Mendelsohn et al. 1994 (Mendelsohn et al. , 1996 Kumar & Parikh 1998; Sanghi 1998; Sanghi et al. 1998; Mendelsohn & Dinar 1999 . The quadratic term reflects the response function of net revenue as a function of climate variables.
Positive quadratic terms indicate that the net farm revenue function is U-shaped and negative quadratic terms indicate that the function is hill-shaped (Mendelsohn & Dinar, 2003) . The expected relationship between net revenue and temperature based on agronomic research and past cross-sectional analyses is hill-shaped, (Mendelsohn & Dinar, 2003) . The indication from this expectation is that a negative relationship is expected, implying that further increase in temperature would have an adverse effects on net farm revenues and hence agriculture. In addition, the estimation assumed a linear relationship between net farm revenues and other variables (soil, socio-economic and hydrological) that is also consistent with other Ricardian studies such as those mentioned above.
Econometric analysis with cross-sectional data is usually associated with problems of heteroscedasticity and multicollinearity and the effect of outliers in the variables. Although the study did not test for their presence, it was anticipated that these problems would arise in the estimation process. The study therefore used estimation methods that automatically correct for such problems, in this case quantile regression analysis. Though quantile regression analysis basically reduces the weight of outliers on the estimates, it can also be useful for correcting for heteroscedasticity and multicollinearity. Reducing the weight of outliers means that the estimation process reduces the variance of the estimates and hence helps correct for heteroscedasticity. In the estimation process highly correlated variables were dropped because of collinearity.
As a way of ascertaining which model best describes the relationship between net farm revenues and climate, soil, hydrological and socio-economic variables in Zimbabwe, the estimation did several runs of the above models. The study estimated three models for each regression model specification. The first included all the sample farming households, and the other two were rainfed only and households using irrigation. Farming households using irrigation in the study had some areas of rainfed and some areas under irrigation. No farmers exclusively used irrigation alone in their farming activities. The Stata statistical software was used to estimate the models. Table 5 shows the results of the response of net farm revenues to climate variables only. The linear terms of the summer temperature and precipitation variables are positive and significant. This result is important given that much of agricultural production in Zimbabwe is concentrated in summer; therefore the positive relationship between farm net revenues is beneficial to farmers, particularly the smallholders who rely on rain for their agricultural activities. The linear term of autumn mean precipitation is negative, implying negative effects of increases in precipitation in this season. This season coincides with crop maturity and harvesting when crops do not need any additional rainfall, therefore any increases in this will lead to a significant decrease in farm net revenues as more rain reduces crop yields.
Empirical regression analysis results
The squared terms for most of the climate variables are significant in all models, which is consistent with the hypothesis that the relationship between climate and net farm revenues is non-linear (Mendelsohn et al. 1994 (Mendelsohn et al. , 1996 . The negative quadratic coefficients imply a hillshaped relationship between net revenue and climate variables. The squared mean temperature for summer and squared mean precipitation for summer indicate an inverse quadratic relationship between net revenues and these climate variables. This result implies that increases in summer temperatures and rainfall tend to benefit farm net revenue, with diminishing marginal benefits up to a maximum turning point, after which further increases in these climate variables start to have negative effects on farm net revenues.
The table shows the seasonal climate variables have differential effects across the three models in Table 5 . Both linear and squared terms are significant in certain seasons implying that climate has a nonlinear effect on net revenues. The effect of quadratic seasonal climate variables on net farm revenues is not obviously determined by looking at the coefficients, as both the linear and the squared terms play a role (Kurukulasuriya & Mendelsohn 2006) . What can be determined from the sign of the quadratic term is whether the relationship with net farm revenue is hill-shaped or U-shaped if the sign is positive or negative respectively. To determine the effect of the seasonal climate variables on net farm revenue we would need to calculate the marginal impacts of each climate variable being examined. Table 6 shows the response of net farm revenue to climate and soil variables. Adding soil variables helped capture spatial heterogeneity across the sampled households. These variables positively affected net farm revenues, indicating the importance of spatial variability across the country.
As expected, the lithosols (perci) that are generally very low in inherent fertility and devoid of moisture and vegetation throughout the year had a negative relationship with net farm revenues. The implication is that agricultural production on these soils is expected to be low and net returns per unit of land would be limited. The luvisols (perclcFU, perclfCU, perclgCU) and chernozems (percC_qc1~1a), soils that are usually more fertile and provide a good medium for agricultural production and thus support crop productivity, had a positive and significant relationship with net farm revenues. The soil variables that were included in the model were generally significant in explaining variability mainly in net revenues across households. This shows the importance of controlling for soil types: it brings out more strongly the spatial differential impacts on net farm revenues across different agro-ecological zones and provinces of the country.
The standard Ricardian model results are shown in Table 7 . Among the socio-economic variables, more years of education and increased access to extension services are associated with improved farming information that is important for agricultural productivity. The results also show that small farms are more productive on per hectare basis than large ones. The possible reason for this observation is that small farms use fixed resources such as household labor and other inputs over a smaller area than large farms. Other important factors that have significant effects on net farm revenues include short distances from the capital, high livestock index and access to irrigation.
One important policy message from this finding is that the government, private sector and NGOs can improve net farm performances for smallholder farms by ensuring increased farmer training and helping farmers acquire more livestock. Another is that because short distances to the capital are important for improving net farm revenues, there is a crucial need to provide easy access to both input and output markets in the country. And because the results show that irrigation and livestock are important factors significantly affecting net farm performances in the country, these two factors can provide a useful channel of farmer adaptation strategy which will help improve net farm revenues in the smallholder farming sector in the face of changing climatic conditions.
The irrigation variable was also significant and positive in explaining the variability of net farm revenues. This result further emphasizes the importance of irrigation as an factor in helping farmers, particularly during the winter season and mid-season dry spells in summer. Farmers with access to irrigation can to cushion themselves against the harsh temperatures and limited rainfall during the dry periods. The important policy message from this finding is that promoting irrigation is very important to help farmers deal with further climate change. For example, the countrywide irrigation program being implemented by the Department of Irrigation in the Office of the President can go a long way to help if it reaches the needy smallholder farmers.
Another point to note is that livestock can be an important source of livelihood for the smallholder farmers. Livestock, particularly cattle, are an important asset in the farming system and can do well in a dry climate. In this case promoting livestock production as a substitute or addition to crop production in dry areas is an important safety net in the face of changing climate in the country. The policy message therefore is that livestock improvement programs instituted by the government's Department of Veterinary Services and private companies are vital for sustaining farming households in the face of changing climate.
The results of the models that estimated the effects of including runoff as an additional source of water are shown in Table 8 . They show positive relationships between net farm revenues and runoff as an additional source of water for farms with irrigation and all farms and a negative relationship for rainfed farms. The possible explanation for this is that increases in runoff are more beneficial to farms with irrigation compared to rainfed farms that do not use any runoff. These results are consistent with the expectation that additional water will increase water availability for agricultural activities and augment rainwater in times of seasonal dry spells. In this case additional water sources in the form of runoff can be used as sources of water for irrigation during seasonal dry spells and help improve crop productivity and hence farm net revenues.
Adding interaction terms between mean runoff and climatic variables (temperature and precipitation) did not change the results much. For all farms and rainfed farming, both runoff and the interaction term between runoff and precipitation had a positive sign at the 1% level of significance. The results indicate that additional sources of water are very important for improving net farm revenue for farmers in the country.
The results have important policy implications for providing additional water sources to rainfed smallholder agriculture, particularly through irrigation. The government can play an important role in providing additional water sources to farmers through irrigation. On the other hand, for farms with irrigation both the interaction terms were also significant at the 1% level.
Marginal effects of climate variables on net farm revenues
The study also calculated the marginal impacts of a change in each climate variable (temperature and precipitation), using results from the Standard Ricardian model (Table 7) , in order to help interpret the climate coefficients. These values depend on the regression equation that is being used and the climate that is being evaluated. The marginal effect of temperature and precipitation is evaluated at the mean for each sample; for instance, the marginal effect of summer temperature on rainfed is evaluated at the mean temperature of rainfed. Table 8 shows the mean seasonal temperature and precipitation for the sample.
The results shown in Table 9 are based on the results from using coefficients from Table 7 . They indicate that higher summer temperatures have mostly negative effects on net farm revenues, implying that further increases in temperature would be harmful to agricultural activities in the country. A further increase in summer temperature by 1°C would reduce net farm revenues by about $86 per hectare for all farms and about $98 for rainfed farms and $76 for farms with irrigation. Increases in the spring temperature also decrease net farm revenues. However, increases in winter and autumn temperatures are beneficial to crops and increase net farm revenues by about $34 per hectare for all farms and about $45 for rainfed farms and $69 for farms with irrigation.
An increase in precipitation has positive effects on net farm revenues, particularly for summer and spring. An increase of one millimeter in summer precipitation would result in an increase in net farm revenues of about $39, $31 and $25 per hectare for all farms, rainfed farms and farms with irrigation respectively. The increases in winter and autumn precipitation show almost similar results and both have positive effects on net farm revenues.
The results points to the importance of more summer rain for successful farming in the country. More rainfall is associated with positive gains in net farm revenues, and the possible explanation for this observation is that there have been recurring droughts in the country since 2000. More rainfall will therefore be crucial for successful farming in most parts of the country.
The elasticity results show that net farm revenues are highly sensitive to changes in climate and the elasticities are relatively high for both summer temperature and precipitation. This is the main cropping season and changes in climate variables in this season have relatively high impacts on net farm revenues compared to the other seasons. It is important also to note that rainfed farms are highly sensitive to changes in temperature and precipitation and they are affected most by these changes as they have relatively high elasticities.
Likely effects of climate change on net farm revenues
Uniform climate scenarios
The study examined the sensitivity of net farm revenues to adverse changes in temperature and rainfall. The changes in net farm revenues as a result of changes in the climatic variables were simulated using the estimated models. The scenarios that were examined included changes in temperature by 2.5°C and 5°C and decreases in rainfall by 7% and 14%. The scenarios were based on scenarios used in the study by Kurukulasuriya and Mendelsohn (2006) , who estimate the impacts of climate change on African cropland.
Following Kurukulasuriya and Mendelsohn (2006) , we used the estimated regression coefficients in Table 7 to examine how changes in climate change net revenue per hectare in each district throughout the country (Equation 6). We then multiplied the change in net revenue per hectare by the number of hectares of cropland in each district to get an aggregate impact for each district. This value was then summed across all the districts of the country to get a total impact for the country:
where ΔYi = change in net revenue per hectare from a climate change W j =hectares of cropland, irrigated cropland or rainfed cropland d= district d
The values for cropland were downloaded from FAO statistics (2006) . The results of the uniform scenarios are shown in Table 10 . These 'uniform' scenarios assume that only one aspect of climate changes and that the change is uniform across the country. They show that a 2.5°C increase in temperature would result in a decrease in net farm revenues by US$0.4 billion for all farms but increase net revenue for farms with irrigation by US$0.3 billion. The study also examined the effect of a 5°C increase in temperature and the results show that net revenues would decrease across all farms, rainfed farms and farms with irrigation by US$0.4 billion, US$0.5 billion and US$ 0.003 billion respectively. A 7% and a 14% decrease in precipitation would result in a decrease in net farm revenue by US$0.3 billion for all farms.
As indicated in Table 10 , it is evident that further changes in adverse climate variables (temperature and rainfall) are detrimental to crop production in the country. Rainfed farming is affected most by further increases in temperature and decreases in rainfall. Increases in temperature tend to be beneficial for farms with irrigation, implying that irrigation is important for sustaining agricultural production and as an adaptation option for smallholder farmers. It plays an important role as an additional source of water for crop production, particularly during the dry season and during mid-season dry spells that can affect agricultural production.
With the country having experienced successive droughts since 2000, any further adverse climatic conditions that worsen the already bad conditions would significantly reduce net farm revenues emanating from very low agricultural productivity. The implication from these results is that agricultural production in Zimbabwe's smallholder farming system is constrained by climatic factors (high temperature and low rainfall).
SRES climate scenarios
The study also examined the effects of a set of climate change scenarios predicted by SRES. Specifically, we used A2 scenarios from the Third Assessment Report (Special Report on Emissions Scenarios -SRES). The SRES scenarios were constructed to explore future developments in the global environment with special reference to the production of greenhouse gases and aerosol precursor emissions (Nakicenovic et al. 2000) . After trying a number of scenarios, the study used the models CGM2, HadCM3 and PCM. The predicted climate data for the scenario analysis were provided from the hydrological component of the project from Colorado University.
The predicted climate variables (temperature and precipitation) were used to estimate the expected marginal effects of changes in climate on net farm revenues, based on the estimates from the Ricardian model. Table 11 presents the mean temperature and rainfall predicted by the three models for the years 2050 and 2100. In 2100 CGM2 and HadCM3 predict a 4°C and PCM a 2°C increase in temperature in Zimbabwe. Rainfall predictions show that the CGM2 model predicts an average decrease of 10%, the HadCM3 model an average decrease of 17% and the PCM model an average decrease of 21% for the year 2100. However, despite mean rainfall in the country being predicted to increase or decrease depending on the scenario, it in fact varies substantially.
The results for the predicted impacts from the SRES scenarios are presented in Table 12 . The scenarios show negative effects on farm net revenues for further increases in temperature, particularly for all farms and rainfed farms. Further increases in temperature would be detrimental to agricultural production in the country for the years 2050 and 2100. The CGM2, HadCM3 and PCM scenarios predict that by 2100 net farm revenues will decrease by US$0.8, US$ 1.3 billion and US$ 1.4 billion across all farms, rainfed farms and farms with irrigation respectively.
Further reductions in precipitation and increases in temperature in the country predict that farming would not be viable and if farmers are continue to farm there is an urgent need for the government and private institutions to develop ways of helping farmers adapt to these future negative climatic conditions.
These findings show there is a great need for technological development of adaptation packages that are not needed in the present farming conditions but which will be useful for agricultural production by those years. There is therefore a need for investment in research and development so researchers can develop a farming package for smallholder farmers that will enable them to remain in business by the years 2050 and 2100; for instance, one that would include input, irrigation technologies and extension.
Farmer strategies to adapt to climate change
This section briefly reviews adaptation strategies farmers are using to cushion themselves against adverse climatic conditions being experienced in the country. As shown in Figure 4 , about 68% of the farmers in the study indicated that they do at least something in response to changing climate, which shows they are aware of the changing climatic conditions. Most use more than one adaptation strategy and most use a number of strategies simultaneously.
The adaptation strategy most commonly used (about 21%) is dry and early planting. Farmers therefore need seed varieties that can stay in the soil for some time before the rains, as well as early maturing varieties. They also urgently need easy access to climatic forecasts of the oncoming season. Meteorological and extension information services need to provide farmers with up-to-date information about rainfall patterns in the forthcoming season so that they can make well-informed decisions about planting dates. All this will help ensure that farmers make efficient use of the little rains when they come so their crops can mature within the short wet season and survive the recurrent mid-season droughts.
Other adaptation strategies farmers are using are winter plowing, planting short season varieties, irrigating, and growing drought resistant crops. Winter plowing is very important as it helps conserve moisture, especially when it is done soon after the winter rains. This conserved moisture is important for the success of dry and early planting farming activities that most farmers use as an adaptation strategy. Well-planned winter plowing and water harvesting during the rainy season will be important sources of moisture for successful crop development and growth before the rains. It is therefore important that draft power be accessible and available, to enable farmers to carry out winter plowing in time. The government can help farmers by providing tractors and fuel for tillage, for example through the District Development Fund in the new resettlement areas.
Farmers also indicated that they plant short season and drought resistant crop varieties and practice multiple cropping that includes changing crop mixes. Planting short season and drought resistant crop varieties increases the chances of successful harvests and hence higher net farm revenues despite adverse climatic conditions. Multiple cropping ensures that farmers are able to get some positive net returns from their farming activities: when some crops fail others will produce some positive returns, particularly drought resistant crops such as sorghum.
It is therefore important for plant cultivating companies, research units and the government to make available short season and drought resistant crop varieties that can do well in poor seasons. A typical example is the very short season varieties of maize seed such as SC401, SC403, and medium varieties such as SC501. Farmers need seed varieties to suit their climatic conditions, but in recent seasons there have been shortages of seeds, particularly maize, forcing them to buy whatever is available on the market. The government must ensure that seed varieties are available by promoting and providing conducive environments for seed development in the country and by importing seed to meet the high domestic demand.
Generally agriculture in Zimbabwe has been found to be sensitive to changes in climate, as indicated from the sensitivity analysis above. Farmers plainly need to use adaptation strategies, both short-term (seasonal) and long-term, such as adopting new agricultural technologies to cushion themselves against further anticipated adverse climatic conditions. They need to grow drought tolerant and short season crop varieties that can mature in poor climatic conditions. Other strategies include using support services such as irrigation technologies to augment rainfall and increase production and revenues in the smallholder farming areas. The government, private companies and NGOs must provide support services such as extension and information to help farmers adapt to changing climate.
Conclusions and insights from the analysis
The empirical results showed that climatic variables (temperature and precipitation) have significant effects on net farm revenues in Zimbabwe. Net revenues are negatively affected by increases in temperature and decreases in precipitation. The elasticity of summer (the main cropping season) temperature and precipitation on all farms was -4.82 and 15.37 respectively. The study analyzed the effects of climate change on all farms, rainfed farms and farms with irrigation. Marginal analysis showed that changes in temperature and precipitation had very high impacts on net revenues from rainfed farms. The elasticity results showed that the changes in net revenue are very high for rainfed farming compared to farms with irrigation. The elasticity of summer temperature and precipitation for rainfed farms was -7.26 and 12.16 respectively compared to -3.79 and 9.81 for irrigation farms. The results showed that farms with irrigation are more resistant to changes in climate, indicating that irrigation is an important adaptation option for reducing the impacts of further changes in climate.
Among the socio-economic variables, more years of education and increased access to extension services are associated with the improved farming information that is important for agricultural productivity. The results also show that small farms are more productive on a per hectare basis than large farms. The possible reason for this observation is that small farms use fixed resources such as household labor and other inputs over a smaller area than large farms.
Other important factors that have significant effects on net farm revenues include short distances from the capital, high livestock index and access to irrigation.
There are important policy messages from these findings. The government, private sector, and NGOs can improve net farm performances for smallholder farms through increasing training for farmers and helping them acquire more livestock. Because short distances to the capital are important in improving net farm revenues, there is a crucial need to provide easy access to both input and output markets in the country to help those who live long distances away. And because irrigation and livestock significantly affect net farm performances in the country, these two factors can be a useful channel for boosting farmer adaptation strategies and improving net farm revenues in the smallholder farming sector in the face of changing climatic conditions.
The irrigation variable was also significant and positive in explaining the variability of net farm revenues. This result further emphasizes the importance of irrigation for helping farmers, particularly during the winter season and mid-season dry spells in summer. Farmers with access to irrigation can cushion themselves against the harsh temperatures and limited rainfall during the dry periods, so promoting irrigation is very important for helping them adapt to further changes in climate. For example, the countrywide irrigation program being implemented by the Department of Irrigation in the Office of the President can go a long way towards helping farmers in the face of further increases in climate if the implementation of the program reaches the needy smallholder farmers in the country.
Another important point to note is that livestock can be another source of livelihood for smallholder farmers. Cattle in particular are an important asset in the farming system and can do well in dry climate. Promoting livestock production as an alternative or complementary option to crop production in dry areas is therefore an important safety net in the face of changing climate in the country. The policy message therefore is that livestock improvement programs by the government's Department of Veterinary Services and private companies are vital for sustaining farming households in the face of changing climate.
The study also examined some simple climate scenarios to see how agricultural production in the country would respond to climate change. The uniform scenarios showed that a 2.5°C increase in temperature would decrease net farm revenues by US$0.4 billion for all farms and increase it for farms with irrigation by US$0.3 billion. The study also examined the impact of a 5°C increase in temperature and the results showed that net revenues would decrease across all farms, rainfed farms and farms with irrigation by US$0.4 billion, US$0.5 billion and US$0.003 billion respectively. A 7% and a 14% decrease in precipitation would result in a decrease in net farm revenue by US$0.3 billion for all farms. The study also examined the impacts of three SRES climate change scenarios, CGM2, HadCM3 and PCM. These scenarios predicted that by 2100 net farm revenues would decrease by US$0.8 billion, US$ 1.3 billion and US$ 1.4 billion across all farms, rainfed farms and farms with irrigaion respectively.
The study also showed that farmers are already making efforts to adjust to changing climatic conditions -68% indicated that they are doing something while only 32% indicated they are not doing anything. Common adaptation strategies being employed by farmers include dry and early planting, winter plowing, planting short and drought resistant crop varieties and water harvesting. The analysis shows it is important for the government, research units and private companies to invest resources in equipping farmers to help cushion them against further adverse climatic conditions.
The policy message from the empirical findings is that there is great need for the government through the meteorological department, research and extension, private sector and NGOS to provide adequate extension information services to ensure that farmers receive up-to-date information about rainfall patterns in the forthcoming season so that they can make wellinformed decisions about their planting dates. Another important policy message is that the government, research and extension, private sector and NGOs can improve net farm performances for smallholder farms by ensuring increased farmer training, increasing access to credit and aid facilities, and helping farmers acquire livestock and other farm assets. Furthermore, ensuring the availability and accessibility of fertilizers and crop seeds before the onset of the next cropping season can significantly improve net farm performances.
Limitations and directions for future research
The empirical findings in this study are based on aggregate district level cross-sectional data and need to be treated with some caution since important farm-level decision making and other important variables that affect net farm revenues may have been missed. It is therefore important for future research to focus on the micro-level analysis of the impacts of climate on net farm revenues. In addition the study focused on smallholder farming households and it is important for future research to consider the commercial large scale sector comprising the new resettlement areas that have high level technology and irrigation facilities. This would enable the analysis to capture the impacts of technology and irrigation on net farm revenues.
Furthermore, this study quantified the economic impacts of climate change using the Ricardian approach but did not analyze any welfare effects of climate change. Future research should analyze the effect of climate change on the welfare of farm households and the country as a whole. In addition, it would be important to do regional analysis of the impacts of climate change in addition to the country level analysis.
Although this study said a little about the adaptation options farmers are using to cushion themselves against changing climatic conditions, it did not go further and analyze farmer behavior. It is therefore also important for future research to consider micro-level analysis of adaptation strategies, using farmer behavioral models to study how farmers make decisions when choosing among various adaptation options. * significant at 10% level ** significant at 5% level *** significant at 1% level * significant at 10% level ** significant at 5% level *** significant at 1% level Note: Using coefficients in Table 6 and SRES climate scenarios. The numbers in brackets represent the percentage change in net farm revenue per hectare relative to the mean of the sample. 
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Figure 4: Farmer adaptation strategies to changing climatic conditions in Zimbabwe
